The emission of an electron from a metal nanostructure under illumination and its subsequent acceleration in a plasmonic field forms a platform to extend these phenomena to deposited nanoparticles, which can be studied by state-of-the-art confocal microscopy combined with femtosecond optical excitation. The emitted and accelerated electrons leave defect tracks in the immersion oil, which can be revealed by thermoluminescence. These photographic tracks are read out with the confocal microscope and have a maximum length of about 80 µm, which corresponds to a kinetic energy of about 100 keV. This energy is consistent with the energy provided by the intense laser pulse combined with plasmonic local field enhancement. The results are discussed within the context of the rescattering model by which electrons acquire more energy. The visualization of electron tracks originating from plasmonic field enhancement around a gold nanoparticle opens a new way to study with confocal microscopy both the plasmonic properties of metal nano objects as well as high energy electron interaction with matter.
Introduction
The renewed attention on plasmonics and the current state of characterization technologies such as near field optical microscopy (SNOM) and femtosecond laser spectroscopy are opening up new scientific and technological possibilities in nanophotonics [1, 2] . An important focus in the study of plasmonics is the determination and control of local plasmonic field enhancement by metal nanostructures [3] [4] [5] . A remarkable field enhancement of many orders of magnitude has been demonstrated in a Raman spectroscopy study on metal nanostructures [6, 7] . Large optical field enhancement has been observed in narrow gaps between nanoparticles, which is much larger than for a single particle [8] [9] [10] . The plasmonic field was imaged by a deflection of the passing electrons in transmission electron microscopy [11] , which forms a platform to quantify the local field strength.
The combination of electron photoemission from a metal nanostructure and plasmonic field enhancement revealed photoelectrons with surprisingly high kinetic energies [12] [13] [14] . Such high energies are important for various applications such as radiation damage for medical treatment or electron field emission for displays and electron microscopes. The emitted electrons provide important information about the emission process and the plasmonic field. Electron emission can be driven by photoionization (the photoelectric effect [15] ), which is a quantum effect, or by the (classical) electric field [16] . The transition between those regimes is characterized by the Keldysh parameter, = ω/ω t , which relates the optical driving frequency ω to a characteristic tunnelling frequency ω t =eF/ √ 2mΦ, where F is the electric field, Φ the work function, m the electron mass, and e its charge. When ≪ 1, the emission is caused by tunnelling after the electron is accelerated by the optical field. The photoelectrons originating from the metal or dielectric [17, 18] nanostructures follow a quivering motion in the oscillating electromagnetic field and thereby acquire energy. The energy of this electron, also called the ponderomotive potential energy, is determined by the quiver motion in the driving field with a value of Up = e 2 F 2 /4mω 2 . Since the ponderomotive potential is determined by the local field strength, plasmonic field enhancement increases F locally, which can provide an energy of more than a keV (dual pulse) [19] . To date, only photoemitted electrons originating from an individual metal particle or tip have been studied. Extending the study to arrays of small metal particles would enable investigations of the effect of hotspots, often found in the narrow gap between particles or at corners and holes of metal nanostructures: photoemitted electrons may acquire even higher energies.
Confocal laser scanning microscopy (CLSM) allows the optical excitation by femtosecond laser pulses while the luminescence response is recorded simultaneously [20] . The reflection and luminescence from individual nanoparticles can be investigated in a controlled wavelength range. When the photo-emitted electrons interact with their environment, an optical luminescence response could also be measured with this microscope.
In this work, we study the emission of photoelectrons from gold nanoparticles, which were randomly deposited on glass. The randomness ensures that a large range of configurations are created, i.e., providing optimal conditions for hotspots. In a previous work, the electrons were detected by electron spectrometry, which is sensitive to direction and energy. Here we use a CLSM equipped with a femtosecond laser to excite the gold nanoparticles in order for electrons to be released. The interaction of the electrons with the oil matrix creates fluorescent tracks, which can be imaged with the same microscope. Using confocal microscopy to image high-energy particle interaction is unique in its own right. With this approach, the energy and direction of individual emitted electrons and their interaction with matter can be studied. This provides insight in the plasmonic field of the gold nanoparticles under intense and ultrashort illumination.
Experimental
The gold nanoparticles were produced by a gas aggregation magnetron sputtering cluster source (NC200U-B, Oxford Applied Research Ltd.) in DC mode with a power of 20 W and Ar flow of 15 sccm [21] [22] [23] . The background and operation pressure were 2 × 10 −8 and 1.7 × 10 −3 mbar, respectively, with a deposition time of 3 min. The gold target had a purity of 99.99%. The particles were deposited on glass substrates, which were cleaned with iso-propanol and sonication. In this work, we used a state-of-the-art confocal microscope (Leica TCS SP8 MP) equipped with luminescence lifetime system from PicoQuant. The laser used was a high-intensity, linearly polarized Ti:Sapphire fs-laser (Chameleon Vision-S (75 fs) and Vision II (140 fs) from Coherent) and the sample was imaged using an immersion oil objective (60 × NA 1.4, Leica). The immersion oil (Type F, Leica) had a refractive index of 1.5. The confocal microscope only detects light from a thin plane, which is in focus and which has an optical slice thickness of about 500 nm (pinhole was opened to the maximum size). A diffraction limited, monochromatic, polarized beam scans a square area, line by line, pixel by pixel. The Ti:Sapphire laser was operated with an excitation wavelength of 700 nm, a repetition rate of 80 MHz, pulse length of 140 or 75 fs (depending on set up), and a pulse energy of about 30 nJ. The wavelength for luminescence detection using the internal detectors was set from 380 or 410 nm to 650 nm. The photons counted by the single photon avalanche photodiodes (SPAD's) from PicoQuant were passing a band pass filter of 500-550 nm (SPAD 1) and 565-605 nm (SPAD2). A 680 nm short pass filter was used to filter out the excitation laser light. Because of this short pass filter and the chosen detection range only luminescence is detected; reflected light is not measured.
The polarization of the incident laser beam was rotated by use of a half wavelength plate active at 700 nm. 
Results and Discussion
The particle size ranges from a few nm to about 20 nm with a high fraction at about 15 nm and the areas with gold clusters had a coverage of about 100 to 200 particles/µm 2 .
From the AFM imaging of the samples, which is shown in the SM, both individual gold nanoparticles and aggregates were observed. Although the gold particle beam from the cluster source is uniform, gold cluster poor areas could be observed, often straight with dimensions of tens of µm. Small patches of the glass surface can become more conductive [24] , in this case likely the result from the fabrication method. The conductive glass becomes charged by the sputter gas ions from the cluster source, which exerts a repulsive Coulomb force, which, in turn, diverts the charged gold particles to noncharged parts of the glass. At first, a spectrum was recorded as a function of time as shown in Figure 2 . The spectra have a clear broad peak with an optimum at 530 nm, in agreement with the optical absorption [25] and interband luminescence of gold [26] . Since light of 700 nm was used, the luminescence at lower wavelengths is the result of two-photon excitation. Initially, the luminescence has a high intensity, which drops almost a factor of two after a few seconds of recording (and excitation). The spectral shape changes upon illumination: the contributions in the red become more intense as compared to the peak intensity.
Luminescence recordings in the focal plane as shown in Figure 3 show that immediately from the start of the recording long, thin, straight lines are visible. The fluorescent lines mostly last only one frame, which suggests that the laser beam stimulates the luminescence but also ends it within the time of the frame recording (~1 s). The density of the longer tracks in cluster poor areas is estimated to be 10-30 µm −2 , which makes their formation rare events. The fluorescent lines have the same general direction (toward the lower left corner of the image or toward the bottom), depending on the used setup. This indicates that the polarization affects the track direction since this is the only parameter that changes per setup. The length of the fluorescent lines ranges from a few hundred nm to about 80 µm. Although the fluorescent lines often appear straight, slight curvatures and bends within a single fluorescent line can be observed, probably induced by the presence of charge from previous excitation events. In the upper right inset of Figure 3 , a zigzag luminescence track is shown, suggesting a more complicated interaction. The luminescent tracks were not observed on glass without gold nanoparticles. The polarization of the incident laser beam was controlled by insertion of a 1/2 wavelength plate, which was rotated 45°. The measurements at three different angles resulted in the three different track directions, which directly follow the polarization of the light as shown in Figure 5A-C. The track angles were measured for the three polarization angles, which show the polarisation dependence of the electron emission process as shown in Figure 5D . In agreement with the field polarization dependence of photo-emitted/accelerated electrons, the direction of the electron tracks is largely directional [27] , confirming the light field as the source of the electron emission. This also proves that the tracks are independent of the scanning direction.
In Figure 6 , an XZ scan, perpendicular to the sample surface, shows luminescence tracks pointing away from the particle decorated surface, into the oil. This demonstrates that the fluorescent tracks are formed in the immersion oil (not in the glass) and that it cannot be a moving particle by lack of a supporting surface.
Based on the arguments of synchronicity and the presence of tracks in the XZ scan, the track can only originate from a process prior to the laser hitting a spot on the track. The lines giving rise to luminescence must already be present before the laser reaches the trace. Therefore, the luminescent centers making up the line are created by a process prior to the scan reaching the line and can be formed by local defect generation or ionization in the immersion oil, for which high-energy particles are required. High-energy electrons can be emitted from a plasmonic particle under intense illumination as described in the introduction. However, in previous experiments, the electron acceleration occurred in vacuum in which the electron could move freely. A low atomic density around the gold particle is accomplished by nano-bubble formation during laser incidence [28, 29] . The electron can then accelerate freely inside the nano-bubble before it is emitted as indicated in Figure 1 . The nano-bubble forms by a thin vapor layer around the particle, which grows and can become much larger. By increasing the laser power, larger bubbles are formed, which block the experiment. The defects and structural changes that are generated in oil by fast-moving electrons affect the luminescence properties at the positions of their flight path. Subsequently, heat from the incident scanning light beam stimulates luminescence from the defect track, by releasing trapped electrons [30, 31] . A luminescent track along the path of the electron will then become visible. Thermoluminescence occurs in organic substances due to radiative decay of trapped electrons, which are released by thermal stimulation [32, 33] . Quantum mechanical selection rules may only allow thermoluminescence at certain levels of the trapped electron, which may change over time after excitation [34] . In Figure 4A and B, a luminescence track is shown, which is continuing from the end of the previous track, pointing to the time dependence of thermoluminescence. A residual track (gray circle) is also visible, suggesting a lingering effect.
The emitted electron undergoes inelastic scattering, the collision with electrons in the medium, by which energy is lost. This energy loss is typically a few eV up to hundreds of eV and is responsible for the excitation of plasmons and of individual atomic electrons to higher energy levels [35] . Excitation of inner shell electrons requires energies that are generally hundreds or thousands of eV. Such excitations can cause a photoelectron to be emitted after which the ion may relax through Auger decay, in which an electron from a higher level falls down and a further electron is emitted with an energy between 250 eV and 2 keV [36] . Through collisions between the Auger electron and the neighboring atoms, electrons will be liberated, leading to a cascade of ionizations. A study of high-energy electron tracks in photographic emulsions by Herz [37] revealed this phenomenon by the presence of dark spots at the beginning and end of electron tracks. Such spots are also observed in our experiment and indicate a similar secondary electron emission process.
The electron can also elastically scatter on the core of atoms, which leads to a large scattering angle. The energy transfer is sufficient to displace an atom. This radiation damage, also called knock-on or displacement damage, is used in medical treatment where controlled damage is desirable [38] . This mechanism is shown in the inset of Figure 3 as an example of an electron scattering under large angles. When the electron has delivered all its kinetic energy it will stop. The termination of a luminescence line could also be caused by an elastic scattering event, after which the electron can move in any direction, making it highly probable that the electron will leave the focal plane and therefore cannot be imaged anymore. Alternatively, electrons moving under an angle with respect to the glass surface will eventually leave the focal plane.
The transfer of energy from a moving electron to the matrix depends on its kinetic energy: at high energies the transfer is low [39] and vice versa. With its initial high energy, the electron therefore first travels in a straight line. When its energy is lowered considerably by inelastic scattering, scattering events become more likely, until it comes to a halt. The scattering of low-energy electrons leads to large angles in the trajectory. A simulation of the scattering process by the Monte Carlo method in the Casino program [40] of energetic electrons in C 2 H 6 shows that an energy of about 100 keV is required to obtain straight flight paths of tens of µm. This is in agreement with the NIST database, which lists a stopping range of tens of µm for 100 keV electrons [41] . The electron tracks observed by Herz for ener- gies of about 100 keV have a length of 50 µm. Therefore the luminescence tracks with a length up to 80 µm in this work indicate that the emitted electrons have an initial kinetic energy in the order of 100 keV.
The highest possible energies that electrons can acquire during the emission and acceleration are commonly determined by the cutoff energy, which corresponds to 10 × Up [42] . For the electron to get a kinetic energy of 100 keV and therefore Up =10 keV, the electric field around the gold particle or in a gap between gold particles should be about 1. ple, a three-order field enhancement is required to obtain the electric field, which can lead to an electron kinetic energy of 100 keV. The optical absorption cross-section of gold particles with a diameter of 20 nm at resonance is about 300 nm 2 [43] , which means that most of the light is captured by the particle. Because the laser wavelength (700 nm) is close to the gold nanoparticle plasmon resonance wavelength (> 550 nm), one photon absorption can excite the plasmon. The local field enhancement of a single gold particle depends on its dielectric environment and can be about tens of times for a single particle and much larger for gaps between particles. However, the three-order field enhancement is likely not required as electrons with higher energy than the cutoff energy are also emitted. The release of high-energy electrons can be produced by a rescattering effect of the electron driven by the electric field on the ionic core, which causes a dephasing by which the electron absorbs energy from the field [44] . This produces electrons with a much larger energy than the ponderomotive energy, with decreasing probability for larger energies. In the rescattering model by Saalman et al. [45] the energy gain of the electron in a potential is caused by laser-field-driven acceleration in a quasistatic cluster potential. The electrons acquire a high transit velocity, which leads to an energy gain that is proportional to the square root of the scattering potential well depth. Since the gold particles in this work are electrically isolated, the repeated scans of the microscope will quickly positively charge the gold nanoparticles by electron emission. The charging of the gold nanoparticles increases the potential well depth and could therefore explain a higher kinetic energy then 10 × Up. Moreover, the acquired kinetic energy increases with increasing particle size.
Fennel et al. [27] showed that the electron can also acquire more energy from the polarization field produced from plasmon oscillations. This process of surface plasmon assisted rescattering in particles produces a preferential ejection of fast electrons along the laser polarization axis, in agreement with the experimental results of this work. Although the larger electron kinetic energies have much lower probability, they can still occur according to these mechanisms. Dual pulse excitation produces higher electron kinetic energies up to 100 × Up [19, 46] , however, the time between pulses in this experiment was too long to benefit from such an effect. It nevertheless demonstrates that with specific conditions, such high energies are, in principle, possible. In good agreement with the experiments of this work, the emission anisotropy increases with energy and is maximum for the most energetic electrons [19] .
Despite the lower emission probability of the highenergy electrons, they require less plasmonic field enhancement and make the necessary electron kinetic energy plausible. Therefore the longest electron tracks correspond to the upper limit (and lowest probability) of available plasmonic energy of the gold nanoparticle.
The high laser intensity and absorbed energy in the gold nanoparticle are known to create damage to the particles [14, 47] , and by thermal stimulations cause slow movement, which also occurs in this work as observed from the change in the fluorescent pattern. However, the particles will have enough time to emit high-energy electrons before they are too severely damaged or aggregated and the process stops. Because thermoluminescence provides a long life time to the electron track, it is possible to measure them originating from the first instances of the illumination.
Luminescence lifetime imaging microscopy (FLIM) of the particles both the xy and xz scanning modes (Figure 7) show that fluorescent life times of the order of nanoseconds are present. In the XZ scan, a fluorescent halo is visi- Figure 7 : Fluorescent lifetime image microscopy (FLIM) in xy (top) and xz (bottom) scanning mode, accumulating photons for t = 1 and t = 6 min. The horizontal size is 60 µm. The color scales with the luminescence lifetime while the intensity scales with photon counts. At t = 1 the lifetime (a few ns) distribution is spatially more uniform and more intense than at t = 6 min. ble with lifetimes in the order of a nanosecond. Due to the short life time of the tracks, their collective presence could be measured only by accumulation, giving rise to the haze. The luminescence lifetime of gold particles is in the order of picoseconds to femtoseconds [26] . Therefore, the luminescence in the oil with much longer lifetimes has to originate from the electron-induced defects.
The average lifetime curves corresponding to the images of Figure 7 , shown in Figure 8 , could be fitted with a third order exponential with the lifetimes of about 40 ps, 0.2 ns and 3.2 ns. The contribution of the 40 ps component reduces about a factor 3 after fs illumination, likely because the gold becomes inactivated by charging, removal, or aggregation. In contrast to the xy scan, in the xz scan, the contribution of the 3.2 ns component, due to the oil defects, increases by a factor 2 after 6 min. This is a sign that the defect luminescence becomes more important in this scanning mode. In both experiments, the 0.2 ns component reduces by a factor 3 after 6 min, confirming the overall decreasing luminescence. The nanosecond lifetime luminescence confirms that the strong luminescence originates from the oil, likely induced by defects and measured by thermoluminescence. The thermoluminescene of defects also has a low signal with long lifetime (> tens of ns), which correspond to transitions with low probability. Such transitions become more important at the later stages of the process as can be seen from the higher intensity of the decay in Figure 8 for the XY scan after 6 min of excitation.
Conclusions
In conclusion, fluorescent tracks originating from gold particles on glass are the result of electron emission and plasmonic acceleration. High energies can be provided to the electron by the intense plasmonic field and the rescattering process by which the driven electron is directed around the positively charged core. By (in-)elastic scattering, the moving electron transfers its energy to the oil matrix, leading to the creation of defects, ionization, and trapped electrons. The track becomes visible during the subsequent scan by thermoluminescence, which radiatively releases trapped electrons. The track direction could be controlled by changing the polarization of the exciting light beam. The imaging of such electron tracks opens the way to investigations of plasmonic field enhancement with optical (confocal) microscopy. By optimizing the local field enhancement, electron kinetic energies of MeV may be achievable. This study demonstrates a new way to create such high-energy electrons, which could be used to produce controlled damage for lithography and medical purposes. 
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